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Local vasodilatory mechanisms involved in direct application of heat to skin, i.e., local warming, can increase skin blood flow (SkBF) to maximal levels (54) . This vasodilation is biphasic with sensory nerves mediating an initial transient vasodilatory "peak" followed by a prolonged vasodilatory "plateau" that mediated primarily by NOS generation of NO (27, 37) .
Thermoregulatory reflex vasodilator responses to heat stress involve increases in SkBF and sweat production to remove heat from the body to the environment and thus maintain thermal homeostasis in response to increases in internal and skin temperature (44, 45) . As with local vasodilatory mechanisms in skin, these responses require NOS generation of NO, but also require activation of a branch of the sympathetic nervous system: the cutaneous active vasodilator system. This system involves efferent innervation of cutaneous arterioles and sweat glands by sympathetic cholinergic nerves in glabrous (hairy) skin. It has also been established that NO generation by NOS is involved in effecting approximately 30 -40% of the cutaneous vasodilatory reflex response to heat stress (25, 49) .
Recent in vivo experiments support the involvement of eNOS in the cutaneous vasodilation induced by increased Tloc in the human forearm (30) and of the nNOS isoform in the human calf (52) . For skin vasodilation during whole body heat stress, in vivo studies support the involvement of nNOS in the human forearm (30) . These studies used isoform selective antagonists administered separately and thus addressed the roles of eNOS and nNOS in isolation. Interactions between these two isoforms have been reported during vasodilatory responses in skeletal muscle where activity of both isoforms appears to be necessary for full NO-dependent vasodilation (13, 24, 34) . No studies have examined interactions between the two NOS isoforms in skin. In the present study, we chose to use both separate and combined NOS isoform-specific antagonists to further examine the roles and potential interactions between eNOS and nNOS in the control of the cutaneous vasculature.
The primary hypotheses examined in the study were whether simultaneous eNOS and nNOS activity was necessary to cause full vasodilation during 1) local skin warming in the human forearm and/or 2) whole body heat stress. Our approach was to examine the effects of two water-soluble NOS antagonists, the relatively selective eNOS antagonist N -amino-L-arginine (LNAA) and the selective nNOS antagonist N -propyl-L-arginine (NPLA), administered separately and in combination, on SkBF responses to local skin warming and heat stress. If the combination of the antagonists attenuated vasodilatory responses to a greater extent than either antagonist separately, that would indicate that activity of both isoforms is required and that they interact in the response under investigation.
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METHODS
All subjects were in good health, were nonsmokers, and were taking no medications. All subjects gave their written informed consent to participate in these studies. The studies conformed to the standards set by the Declaration of Helsinki. Local ethics committees approved all procedures.
Nine subjects participated in these experiments (5 men and 4 women). Their average age was 32 Ϯ 3 yr, average weight was 70 Ϯ 3 kg, and average height was 172 Ϯ 2 cm. Subjects were instructed to forego caffeinated products on the day of the study. The menstrual phase of the female subjects was not controlled for because subjects served as their own control within each protocol. Although qualitative changes in thermoregulatory reflexes occur over the course of the menstrual cycle, the basic mechanisms involved do not differ between sexes (5, 6) . In the present study, responses of female subjects did not differ perceptively from male subjects; therefore the results from the two sexes were combined.
For these experiments, LNAA (Axxora, San Diego, CA) was chosen as the eNOS antagonist. This water-soluble agent was chosen based on eNOS selectivity demonstrated by in vivo physiological studies done by our lab and others (30, 53) . A perfusate concentration of 5 mM LNAA was used based on our prior experiments that showed administration of this concentration for 30 min reliably attenuated the vasodilatory response to exogenous ACh (30) .
NPLA (Axxora) was chosen as the nNOS antagonist. Based on in vitro studies, NPLA is a highly selective antagonist of the nNOS isoform based on in vitro and in vivo studies (8, 60) . This agent was chosen over the selective nNOS antagonist 7-nitroindazole (7-NI) that we had used in our prior studies of nNOS, because NPLA is water soluble and thus obviates the need to use DMSO as is required to dissolve 7-NI (31). Because DMSO was not needed, we were able to use a higher concentration of NPLA than was possible with 7-NI where the maximal attainable concentration for in vivo studies was limited to 2 mM due to potentially confounding DMSO effects (47) . We chose a 5 mM concentration of NPLA based on preliminary studies that showed that perfusion of this concentration for 30 min did not attenuate vasodilator responses to exogenous ACh and hence was unlikely to inhibit eNOS (30, 31, 52).
Two protocols were employed: one with local warming of skin and another with whole body heat stress. In each protocol, four microdialysis probes of our own manufacture were inserted into forearm skin after ice anesthesia as previously described (12, 25) . After insertion, the microdialysis probes were perfused with Ringer solution at a rate of 3 l/min by a microinfusion pump for 140 min or longer to permit insertion trauma to resolve (1) . Protocol 1. This protocol examined the effects of NOS antagonists on cutaneous vascular responses to local skin warming.
On arrival in the laboratory, each subject had four microdialysis probes placed on the ventral surface of the left forearm as outlined above. For experiments, subjects were placed in a supine position and instrumented to measure LDF from skin at all four microdialysis sites. Each LDF probe was equipped with a special probe holder equipped with heating elements and thermocouples to permit simultaneous LDF measurements and control of Tloc (27) . Finally, a Finapres cuff was placed on a finger for continual measurement of pulse rate (PR) and mean arterial pressure (MAP; Finapres BP Monitor, Ohmeda, Madison, WI).
Data collection began with a 5-to 10-min control period with Tloc maintained at 34°C. After this period, the perfusate of one microdialysis site was maintained with Ringer solution, while the perfusate at a second microdialysis site was changed to 5 mM LNAA in Ringer solution. The perfusate at a third microdialysis site was changed to 5 mM NPLA in Ringer solution. The perfusate at fourth microdialysis site was changed to 5 mM LNAA and 5 mM NPLA in Ringer. Perfusion rates at all sites were 3 l/min.
Tloc was maintained at 34°C for 45 min after which Tloc was increased slowly to 41.5°C at all sites to evoke vasodilation. A slow increase in temperature to 41.5°C was chosen to obviate activation of pain fibers, which evokes a vasodilation through mechanisms that are not solely dependent on NO generation by NOS (27) . Finally, the perfusates at all sites were changed to 58 mM sodium nitroprusside (SNP) in Ringer solution to effect maximal vasodilation by an endothelium independent mechanism for data normalization (29, 33) . The protocol is illustrated in Fig. 1 .
Data are presented as means Ϯ SE. For data analysis, cutaneous vascular conductance (CVC) was indexed as LDF (in mV) divided by MAP (in mmHg) to control for any fluctuations in blood pressure during data collection. Vasomotor responses were analyzed by comparing the mean levels of CVCs during the final 3 min of the two thermal periods. CVC responses were analyzed by repeated-measures ANOVA with the level of statistical significance defined as 0.05.
Protocol 2. This protocol examined the effects of NOS antagonists on cutaneous vascular responses to whole body heat stress.
After arriving in the laboratory on the morning of the study, subjects were instrumented with four microdialysis probes as outlined above. Subjects were then placed in a supine position and instrumented to measure LDF from skin at all microdialysis sites (Moorlab Flowmeter, Moor Instruments, Devon, UK). Finally, a Finapres cuff was placed on a finger for PR and MAP measurement.
To induce thermoregulatory reflexes, subjects wore a tube-lined suit that was used to control skin temperature (Tsk) by perfusion with water of different temperatures. By varying the temperature of the water used to perfuse the suit, periods of normothermia, cold stress, and heat stress could be evoked (21, 46) . The suit was perfused with cold water to lower Tsk and induce cold stress and warm water to increase Tsk to 39°C during heating periods. Over the suit, subjects wore a water-impermeable plastic garment to insulate them from the room environment and prevent evaporation of sweat. The waterperfused suit and water-impermeable garment covered the entire body with the exception of the arm from which LDF measurements were made. The head, hands, and feet of subjects were also left uncovered.
Internal temperature was monitored with a thermocouple placed in the sublingual sulcus (Tor). Tsk was recorded as the weighted electrical average from six thermocouples taped on the skin surface (21, 46) . Pulse rate (PR) and MAP were recorded continuously from a finger (Finapres BP Monitor).
Data collection began with a 5-to 10-min normothermic control period during which Tsk was maintained at a level of 34°C to minimize any extant vasoconstrictor tone (22, 26, 41) , and all microdialysis sites were perfused with Ringer solution at 3 l/min. After this period, the perfusion of one microdialysis site was continued with Ringer solution. The perfusate at a second microdialysis site was changed to 5 mM LNAA in Ringer solution. The perfusate at a third microdialysis site was changed to 5 mM NPLA in Ringer solution. The perfusate at a fourth microdialysis site was changed to a solution of both 5 mM LNAA and 5 mM NPLA in Ringer. Perfusion rates at all sites were maintained at 3 l/min. After perfusing these solutions for 30 -35 min to allow for the antagonists to enter the intradermal space, Tsk was decreased to induce cold stress for 3 min after which Tsk was returned to normothermia. Tsk was then raised to 38 -39°C and maintained at that level for 35-50 min to induce heat stress and thus activate the vasodilator system. After heat stress, subjects were cooled and returned to a normothermic Tsk of 34°C. All microdialysis sites were then perfused with 58 mM SNP to effect maximal vasodilation at each site. CVC values were normalized to these maximal levels for data analysis. The protocol is illustrated in Fig. 2 .
Data are presented as means Ϯ SE. For data analysis, CVC values were indexed as LDF/MAP and were normalized to their respective maxima as elicited by SNP at each site. This normalization allowed for comparisons between sites both within and between subjects. The vasomotor and NO responses to heat stress were analyzed by comparing the internal temperature thresholds for the initial increases in CVC at the different microdialysis sites. The internal temperature threshold for the onset of vasodilation for each site was defined as the level of Tor at which a sustained increase in CVC began during whole body heating. Tor thresholds were chosen from separate graphs of CVC vs. time by an investigator blinded as to the conditions, subjects, and antagonist treatment. The thresholds for cutaneous vasodilation were compared by ANOVA for repeated measures. Normothermic baseline CVCs, CVCs during the final minute of cold stress, and CVCs from the final 3 min of heat stress were compared by ANOVA. MAP and PR changes from normothermia to the end of heat stress were compared by paired t-tests. The level of statistical significance was defined as 0.05.
RESULTS
Protocol 1: local warming. At Tloc ϭ 34°C, CVC averaged 16 Ϯ 3%max at untreated sites, 12 Ϯ 2%max at LNAA-treated sites, 13 Ϯ 2%max at NPLA-treated sites, and 14 Ϯ 4%max at sites that were treated with the combination of LNAA and NPLA. These CVC values did not differ significantly between sites (P Ͼ 0.05 between sites).
When Tloc was increased to 41.5°C, CVC at all sites increased significantly to stable plateau levels (P Ͻ 0.05 vs. 34°C). These CVC values were 92 Ϯ 6%max at untreated sites, 46 Ϯ 7%max at LNAA-treated sites, 84 Ϯ 8%max at NPLAtreated sites, and 56 Ϯ 7%max at sites that were treated with the combination of LNAA and NPLA. The CVC plateaus at sites treated with LNAA and the combination of LNAA and NPLA (Mix) were attenuated to similar extents compared with CVCs attained at untreated and NPLA-treated sites (P Ͻ 0.05, LNAA or Mix vs. untreated or NPLA). CVC increases at untreated and NPLA treated sites did not differ (P Ͼ 0.05 between sites). These results are summarized in Fig. 3 .
Protocol 2: heat stress. In normothermia, CVC at untreated sites averaged 16 Ϯ 3%max, 12 Ϯ 2%max at LNAA-treated sites, 13 Ϯ 2 at NPLA-treated sites, and 14 Ϯ 4%max at sites treated with the combination of LNAA and NPLA. These levels did not differ among sites (P Ͼ 0.05 between sites).
In response to cold stress, CVC decreased at all sites regardless of treatment. By the final minute of cold stress, CVC had decreased to 10 Ϯ 2%max at untreated sites, to 10 Ϯ 2%max at LNAA-treated sites, to 9 Ϯ 2%max at NPLA-treated sites, and to 10 Ϯ 2%max at sites treated with the combination of LNAA and NPLA. These responses did not differ between sites (P Ͼ 0.05 between all sites).
MAP averaged 72 Ϯ 3 mmHg and PR averaged 62 Ϯ 3 beats/min under normothermic conditions. During the final 3 min of heat stress, MAP was 72 Ϯ 4 mmHg and PR was 96 Ϯ 3 beats/min. These MAP values did not differ significantly (P Ͼ 0.05, normothermia vs. heat stress); however, the increase in PR was significant (P Ͻ 0.05, normothermia vs. heat stress).
In response to whole body heating, Tor rose from 36.87 Ϯ 0.13°C in normothermia to 37.57 Ϯ 0.12°C at the peak of heat stress (P Ͻ 0.05, normothermia vs. heat stress). During whole body heating, CVC began to increase when Tor reached 37.04 Ϯ 0.14°C at untreated sites, 37.01 Ϯ 0.14°C at LNAAtreated sites, 37.02 Ϯ 0.14°C at NPLA-treated sites, and 37.00 Ϯ 0.22°C at sites treated with the combination of LNAA and NPLA. These Tor threshold temperatures for initiation of active vasodilation did not differ between treatments (P Ͼ 0.05 between sites).
In response to whole body heating, CVC increased at all sites (P Ͻ 0.05 normothermia vs. peak heat stress). At the peak of heat stress, CVC had increased to 66 Ϯ 4%max at untreated sites, 61 Ϯ 4%max at LNAA-treated sites, 47 Ϯ 5%max at NPLA-treated sites, and 45 Ϯ 6%max at sites treated with the combination of LNAA and NPLA. CVC increases at sites treated with NPLA and the combination of LNAA and NPLA were attenuated to similar extents compared with CVC increases at untreated and LNAA-treated sites (P Ͻ 0.05 NPLA Fig. 2 . Illustration of protocol 2. This protocol was designed to examine the effects of separate and combined blockade of eNOS and nNOS on the vasodilation induced by whole body heat stress. The perfusion rate at all microdialysis sites was 3 l/min. AVD, active vasodilation.
or Mix vs. untreated or LNAA). CVC responses at untreated and LNAA-treated sites did not differ between the two sites (P Ͼ 0.05 between sites) nor did responses differ between sites treated with NPLA and the combination of LNAA and NPLA (P Ͼ 0.05 between sites). CVC results for whole body cooling and heating results are summarized in Fig. 4 .
DISCUSSION
The present investigation was designed to explore further the roles of both the eNOS and nNOS isoforms in the responses of the forearm cutaneous vasculature to 1) local skin warming and 2) whole body heat stress. In prior experiments, a single NOS antagonist was used to inhibit separately either the eNOS or nNOS isoforms (30, 31, 52) . We chose to use separate NOS isoform antagonism and combined NOS isoform antagonism to further characterize how NO is generated in the control of SkBF. Such an approach would allow investigation of whether both activity of both isoforms was required and/or whether the isoforms interact as appears to be the case with NO-dependent vasodilation in skeletal muscle (13, 24, 34) . We reasoned that if both NOS isoforms interacted in either of the two responses, the combined blockade of both isoforms would result in a greater attenuation of that response than blockade of either isoform separately. We did not find this to be the case.
We found that the NO-dependent plateau phase of the vasodilator response to local skin warming was attenuated by LNAA antagonism of eNOS, unaltered by NPLA antagonism of nNOS, and that combined LNAA and NPLA antagonism of both isoforms had no greater attenuating effect than LNAA alone. We found that the vasodilation in response to whole body heat stress was unaltered by LNAA antagonism of eNOS, attenuated by NPLA antagonism of nNOS, and that combined LNAA and NPLA antagonism of both isoforms had no greater attenuating effect than NPLA alone. These results support the hypotheses that eNOS mediates NO generation attendant to local warming of the skin with no obvious role for nNOS in the process. Our results also support the hypothesis that nNOS is the sole isoform that mediates NO generation evoked by the cutaneous active vasodilator system during whole body heat stress with no obvious role for eNOS in the process. In no case did combined nNOS and eNOS antagonism have a greater effect than single isoform antagonism; thus simultaneous activation of the two isoforms is not required for either vasodilator response nor do the two isoforms interact during either local skin warming or whole body heating.
The results of our two protocols are consistent with our prior studies of the effects of separate NOS antagonists during local skin heating and whole body heat stress done in human forearm skin (30, 31) . They are not consistent with those of Stewart et al. 4 . Summary of CVC responses to whole body heat stress. In normothermia, CVC values did not differ between sites (P Ͼ 0.05 between sites). In response to whole body cold stress, CVC fell at all sites (P Ͻ 0.05). These responses did not differ between sites (P Ͼ 0.05 between sites). During whole body heat stress, CVC increased at all sites (P Ͼ 0.05). At the peak of heat stress, CVC values were significantly different between those sites perfused with either Ringer solution alone or LNAA alone compared with CVC values at sites perfused with either NPLA alone or a combination of the LNAA and NPLA in Ringer (P Ͼ 0.05 Ringer vs. LNAA; *P Ͻ 0.05 Ringer or LNAA vs. NPLA or combined LNAA and NPLA; P Ͼ 0.05 NPLA vs. combined LNAA and NPLA). Thus NPLA treatment attenuated the CVC response to local skin heating, but LNAA treatment added no further attenuation.
(LNA). Stewart et al. used exogenous ACh to test their NOS blockade and found that LNA attenuated ACh-mediated vasodilation, but that N did not. Differential blockade by the two NOS antagonists on ACh-mediated vasodilation is consistent with selective nNOS antagonism by N despite debates as to how exogenous Ach effects vasodilation in skin (14, 29, 52) . Their findings show that nNOS mediates the plateau phase of local skin warming in calf skin. In addition Stewart, et al. found that there was no further attenuation of the plateau phase by LNA over N alone, suggesting that eNOS did not play a role in the response. At present, data show that NO generated by NOS is the major effector of the plateau phase of the skin response to local warming but also suggest that totally different NOS isoforms mediate the NO-dependent SkBF response to local heating in the human forearm than in the calf. Whether such regional differences extend to other cutaneous vascular responses, such as those attendant to whole body heating, is unknown as most human studies have been done in the forearm. This raises the specter that control mechanisms of the cutaneous vasculature may have heretofore unappreciated anatomically distributed variations (19, 20, 23) .
While NO appears to be a direct effector of the vasodilation induced by local skin warming, a number of findings suggest that the role of NO as a direct effector of cutaneous active vasodilation in heat stress may not be so unambiguous. During heat stress, we found that the Tor threshold at which the active vasodilator system begins to increase SkBF during whole body heating was unaltered by nNOS antagonism. This is consistent with our prior findings with the selective nNOS antagonist 7-NI (31) as well as with many (9, 25, 50), but not all (58), studies done with NOS antagonists that are not isoform selective. Immunohistochemical studies show that nNOS is localized in cutaneous nerves around dermal microvessels (17) and that nNOS is found in the same cholinergic neurons as the "classical" neurotransmitter, VIP (55) . These findings indicate that cholinergic sympathetic vasodilator nerves possess both a "classical" transmitter and nitrergic system. Failure of NOS inhibition to alter the Tor threshold for initiation of active vasodilation is inconsistent with NO acting as a direct effector of active vasodilation, at least in the early stages of the process. Our observations and immunohistochemical data are consistent with the proposal that NO acts as a neuromodulator that synergistically augments prejunctional classical neurotransmitter release and/or postjunctional effects (57) and that the classical neurotransmitter(s) determines the onset of vasodilation during heat stress.
The foregoing proposal is also consistent with work by Morris and colleagues (40) that examined the physiological function of neurons that contain both classical transmitters and nNOS. They used botulinum toxin A to selectively block the exocytosis of synaptic vesicles that contain classical transmitters. They found that blockade of these vesicles inhibited neurogenic vasodilation by the classical neurotransmitters but had no effect on neurogenic vasodilation mediated by NO generation through nNOS (40) . These results show that nNOS activation and NO release can be completely independent from vesicle exocytosis and that nNOS can be activated directly by increased intracellular Ca 2ϩ and calmodulin (CaM) binding (43) . We have previously found that botulinum toxin abolishes the cutaneous active vasodilator response to whole body heat stress (28) . Given that 1) the release of vesicles that contain classical neurotransmitters from cholinergic nerves is abolished by botulinum toxin (28), 2) cutaneous active vasodilation is all but abolished by botulinum toxin (28) , and 3) NO release by nNOS in cholinergic nerves is not abolished by botulinum toxin (40) , evidence suggests that the NO-component of cutaneous active vasodilation mediated by nNOS may not act solely as a direct effector of active vasodilation. Current data thus suggest that NO may also act as a neuromodulator, perhaps interacting synergistically with classical neurotransmitters released by vesicles to augment their prejunctional release or postjunctional effects as proposed by Wilkins et al. (57) .
Few studies have addressed the roles of NOS isoforms in humans in vivo due to the technical challenge of proving isoform selectivity of NOS agonists (10) . The two constitutively expressed NOS isoforms, eNOS and nNOS, are structurally similar, and the development of isoform-selective antagonists has been challenging. In vitro studies of antagonists on isolated enzymes are used to estimate isoform selectivity as a good initial screen; however, agents that are purported to be highly isoform selective based on isolated enzyme studies often are not so in cell, tissue, or whole organism experiments, or vice versa. For example, inhibitory concentrations (IC50) of 7-NI for eNOS and nNOS are very similar based on in vitro studies with the purified isolated enzyme. While 7-NI cannot be used as an isoform-selective antagonist in vitro, this was not found to be the case from in vivo, cell, and whole animal studies. In vivo, 7-NI has no effects on blood pressure, endothelium-dependent relaxation of blood vessels, or ACh-induced vessel relaxation, all phenomena associated with eNOS activation (2, 18, 51, 59) . The selectivity of 7-NI comes from the selective uptake of 7-NI by neurons but not by endothelial cells; thus 7-NI is an in vivo specific inhibitor of nNOS (2, 18, 36, 51, 59) .
This complexity extends further to the mechanisms by which different NOS antagonists act. Some NOS blockers, such as LNA and its prodrug N -nitro-L-arginine methyl ester (L-NAME), are simple competitive antagonists of L-arginine binding to NOS. Other NOS antagonists are mechanism-based inhibitors (MBIs). MBIs act initially as simple, competitive L-arginine antagonists but are subsequently metabolized to products that irreversibly inactivate NOS. N -monomethyl-Larginine (L-NMMA) is a MBI. Simple, competitive NOS antagonists and MBIs can have different physiological effects. For example, in the rat aorta, both the simple, competitive NOS antagonist LNA and the MBI L-NMMA increase basal tone; however, in this same tissue, LNA antagonizes the effects of exogenous ACh but L-NMMA does not (11) . In isolation, this finding might be viewed as evidence that the MBI L-NMMA acts in vivo as a selective nNOS antagonist as it appears to leave ACh-mediated eNOS activation unaltered in the rat aorta; however, L-NMMA does block the vasodilation induced by ACh in the rat mesenteric vasculature (39) . Thus the problems of determining NOS isoform specificity derive not only from conflicts between in vitro and in vivo specificity but also from conflicts of within in vivo studies even within a single species. It is not surprising that claims of physiological roles for NOS isoforms based on purportedly isoform-selective agents are met with skepticism.
Both agents used in the present study are MBIs and while it is believed that LNAA is metabolized to an irreversible NOS inactivator, NPLA appears to be metabolized to a slowly reversible NOS antagonist (4, 8) . Given conflicted views about the mechanisms by which exogenous ACh causes vasodilation, we chose not to use pharmacological verification of isoform selectivity, but rather to use the dichotomous physiological results from local skin warming and whole body heat stress as evidence of selectivity (7, 14, 29 -31) . Both local skin warming and cutaneous active vasodilation in heat stress depend on NO generation by NOS for the full response to occur (15, 25, 27, 37, 38, 48, 49) . LNAA attenuated the plateau phase of local skin warming but did not attenuate cutaneous active vasodilation. NPLA did not attenuate the plateau phase of local skin warming but did attenuate cutaneous active vasodilation. Neither antagonist added to the attenuating effect of the other. Thus relatively selective eNOS antagonist LNAA and the selective nNOS antagonist NPLA had dichotomous effects on physiological responses known to involve NO generation by NOS. These disparate findings are consistent with selective antagonism of NOS isoforms in vivo in the skin of the human forearm that was preserved when the two agents were combined; however, given the problematic nature of establishing antagonist selectivity, further study in other human tissues and anatomic regions is certainly warranted.
Caveats. Our study did not specifically evaluate any role for inducible NOS (iNOS) in the normal physiological control mechanisms of SkBF and hence cannot unambiguously exclude a role for this isoform. The rationale for not expanding our work to include the iNOS isoform is based on the following observations.
Both of the constitutively expressed NOS isoforms, eNOS and nNOS, are found in significant levels in human dermis (3); hence either eNOS, nNOS, or both isoforms could generate the NO required for vasodilation in response to local skin warming or whole body heat stress. Although iNOS (type II NOS) has been detected by immunohistochemistry in human skin, it is present in minute amounts when compared with eNOS and nNOS (35) . Only inflammatory processes, such as skin burns or wounds, increase iNOS levels to those of eNOS and nNOS (35) .
The activities of the eNOS and nNOS isoforms are regulated by intracellular Ca 2ϩ levels, indicating that these isoforms can be activated on a relatively short time scale of seconds to minutes. In contrast with eNOS and nNOS, iNOS regulation is Ca 2ϩ independent and is regulated at a transcriptional level, only generating significant amounts of NO hours after transcription is stimulated (32, 42, 56) .
All NOS isoforms are cofactor-requiring enzymes that consist of an oxygenase domain that contains heme, tetrahydrobiopterin, and an arginine binding site as well as a reductase domain that contains two flavins and a NADPH binding site. The oxygenase and reductase domains of all isoforms are linked by a CaM binding site that facilitates electron flow between the flavins, as well as from the reductase to the oxygenase domain. CaM thus controls NO generation by all NOS isoforms by regulating electron transfer. In iNOS, the CaM binding site is always occupied, regardless of intracellular Ca 2ϩ levels; thus NO generation by iNOS is not Ca 2ϩ regulated, in contrast to the eNOS or nNOS isoforms. In addition, eNOS and nNOS have an autoregulatory element in the reductase domain that stabilizes the CaM bound confirmation of the enzyme and facilitates NO generation; this element is lacking in iNOS (43) . Since only eNOS and nNOS contain the regulatory mechanisms required to participate in rapidly activated physiological mechanisms such as those attendant to local skin warming and cutaneous active vasodilation in heat stress, evidence favors either eNOS and/or nNOS as the source of NO, but not iNOS.
In summary, we found in the human forearm that a relatively selective eNOS antagonist attenuated the plateau phase of the cutaneous vasodilation induced by local warming, but had no effect on the cutaneous active vasodilator response to whole body heat stress. In addition, we found that a selective nNOS antagonist did not attenuate the plateau phase of the cutaneous vasodilation induced by local warming, but attenuated the cutaneous active vasodilator response to whole body heat stress. Combined eNOS and nNOS antagonism added no attenuation to either response over that achieved by separate eNOS or nNOS blockade. We conclude that in human forearm skin 1) eNOS mediates NO generation in response to local skin warming and appears to have no specific role in the response to whole body heat stress; 2) nNOS mediates NO generation in response to whole body heat stress and appears to have no specific role in the response to local skin warming; and 3) the two constitutively expressed isoforms do not interact during either response.
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